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M icroglia cells are found throughout the central nervous system. They are the major inflammatory cell type in the brain, and respond to pathogens and injury. When they become activated, they rapidly change morphology, proliferate, and migrate to the site of injury, where they remove pathogens, as well as damaged cells by phagocytosis. The retina as part of the central nervous system acts as a window to the brain. As such, imaging modalities allowing monitoring and quantifying inflammation in the retina reveal information, which might be extrapolated to central nervous system inflammation or agerelated changes. There is growing evidence that systemic inflammatory stimuli, such as infection, can trigger activation of microglia by systemic release of proinflammatory mediators, such as cytokines. 1 This activation in turn may lead to exacerbation of neurologic diseases, such as Alzheimer's disease, but also retinal pathology like retinitis pigmentosa. 2, 3 Thus, imaging of retinal microglia might serve as a tool to study the role of systemic microglia activation in neurodegenerative diseases.
In the retina, microglia reside as well-organized networks in the ganglion cell layer, the inner plexiform layer, and the outer plexiform layer. 4 Relatively little is known about microglia homeostasis in the retina, but depletion studies have shown that microglial cells are necessary for synaptic transmission. 5 Furthermore, microglia have been associated with various retinal diseases ranging from inherited photoreceptor degener-ation, light-induced retinal degeneration, to glaucoma. [6] [7] [8] [9] Increased numbers of activated microglia cells have been observed in retinal dystrophy models in rodents. 6, 10, 11 Given the importance of microglial cells in various retinal disorders and the recent revelations on the regeneration of microglia from within intrinsic pools, 12 in vivo imaging quantifying microglia might help the understanding of the role and the dynamics of these cells in retinal disease.
Facilitated by advancements in retinal imaging technology allowing visualization of ever larger areas of the retina, in vivo imaging of transgenic mice, where the Cx3cr1 gene has been replaced by the green fluorescent protein (gfp) DNA sequence (Cx3cr1 gfp/gfp ), might potentially replace flat mounts as the gold standard for quantification of retinal microglia. This would on one hand help reduce animal numbers required for experimental studies and, on the other hand, permit efficient longitudinal assessment of microglia density in the retina. However, as far as we are aware, there are no studies correlating widefield in vivo microglia imaging with flat mount data. 13 In order to fill this gap, we compared autofluorescence (AF) imaging of Cx3cr1 gfp/gfp mice using different lenses to retinal flat mounts stained for gfp, and used this imaging method in wildtype mice to monitor retinal microglia reconstitution after lethal irradiation and rescue with bone marrow transplants from Cx3cr1 gfp/gfp mice.
MATERIALS AND METHODS

Animals
The present study was approved by the local Animal Ethics Committee (Veterinärdienst des Kantons Bern: BE 38/13) and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Fourteen male and female Balb/c AnNCrl mice (5-6 weeks of age, Charles River Laboratories, Sulzfeld, Germany) and 10 Balb/c-Cx3cr1 gfp/gfp mice were used for this study. 14 Balb/c-Cx3cr1 gfp/gfp mice were kindly provided by Steffen Jung (Weizmann Institute of Science, Rehovot, Israel).
Animals were housed in individually ventilated cages under temperature and humidity-controlled conditions with a 12hour light/12-hour dark cycle. Anesthesia, necessary for imaging, was achieved by intraperitoneal (ip) injection of medetomidine (1 mg/kg, Dormitor 1 mg/mL, Provet AG, Lyssach, Switzerland) and ketamine (80 mg/kg, Ketalar 50 mg/mL, Parke-Davis, Zurich, Switzerland). At the end of the intervention, atipamezole (2.3 mg/kg Antisedan 5 mg/mL, Provet AG) was used to antagonize medetomidine. At the end of the experimental procedures, mice were euthanized with carbon dioxide (CO 2 ) inhalation. For each animal, one eye was kept for retinal flat mounts and the other eye was processed for paraffin embedding.
Generation of Bone Marrow Chimeras
Fourteen recipient Balb/c AnNCrl mice were lethally irradiated with two doses 14 hours apart, resulting in 6-Gy c-ray full body irradiation. Four donor Cx3cr1 gfp/gfp Balb/c mice were euthanized, and bone marrow cells were isolated. Recipient mice received a single intravenous injection of 2 3 10 6 bone marrow cells after 2 to 3 hours of the second dose of irradiation. Water supplemented with antibiotics (0.8 mg/mL sulfamethoxazole and 0.16 mg/mL trimethoprim) was provided in the drinking water to chimera mice for 2 weeks after the transplantation.
AF Imaging
Green fluorescent protein-positive microglia/macrophages in the retina of Cx3cr1 gfp/gfp Balb/c mice were imaged with AF at two time points (T1 and T2) 14 6 7 days apart. Anesthetized mice were placed on a custom-made platform positioned on the forehead rest of the Heidelberg Spectralis device (Heidelberg Engineering GmbH, Heidelberg, Germany). To keep the cornea hydrated during the imaging session, hydroxypropylmethylcellulose (Methocel 2%; OmniVision, Neuhausen, Switzerland) was applied regularly to both eyes. Before AF imaging, the big retinal vessels of the eye fundus were brought into focus using the infrared mode of the Spectralis to ensure that the same retinal layers will be imaged in all mice. Furthermore, the center of the optic nerve was centered in the image. AF images were acquired at a high resolution (approximately 6 lm/pixel) 15 of 1536 3 1636 pixels using the widefield 1028 or 558 lens mounted on a Heidelberg Spectralis device. The focusing power of the Spectralis device was set to 25.8 6 5.3 diopters (mean 6 SD). For image acquisition in the same session, the image was aligned manually with the previously recorded image as the true-track mode was not available. An additional contact lens did not improve image quality and was not used.
Quantification of Microglia Cells
Green fluorescent protein-positive cells were quantified using the free ImageJ 1.44 software. 16 Briefly, the background was subtracted from the 8-bit images, the threshold was adjusted, and a binary mask was created. Overlays of the original and the binary image were created to ensure that only gfp-positive cells were quantified on the binary image and not background as well. Cells were quantified using the ''analyze particles'' function ( Supplementary Fig. S1C ). Only particles of an area greater than 30 lm 2 were included in the quantification. Autofluorescent cells were counted in the area visualized with the 558 or 1028 lens. For comparison, the retinal area imaged with the 558 lens was compared to the corresponding retinal area in the 1028 image. The same was done when comparing the 1028 images with flat mount histology. Selection of corresponding retinal areas was based on vessel architecture or on identification of cell motifs when comparing the 558 with the 1028 widefield lens (Supplementary Figs. S1A, S1B).
Immunohistochemical Studies-Retinal Flat Mounts
At selected time points (T2 for the Cx3cr1 gfp/gfp and 5, 8, or 10 weeks after bone marrow transplantation for the chimera mice), mice were euthanized, their eyes were removed and fixed in 4% paraformaldehyde (PFA) solution (pH 7.4) for 10 minutes. The cornea and the lens were removed, and the eyecup, including the retina, choroid, and sclera, was incubated for 50 more minutes in 4% PFA. Retinas were detached from the choroid, washed in 0.1% Triton phosphatebuffered saline (PBS-T), and incubated in 5% normal goat serum in PBS-T for 2 hours at room temperature. Isolectin GS-IB4 from Griffonia simplicifolia, Alexa Fluor 647 conjugate (1:100 in 5% normal goat serum in 0.1% PBS-T, Thermo Fisher Scientific, Waltham, MA, USA) and a chicken polyclonal antibody against gfp (1:100, ab13970, Abcam, Cambridge, UK) were used for the labelling of blood vessels and gfppositive microglia/macrophages, respectively. A rabbit polyclonal antibody against ionized calcium-binding adapter molecule 1 (Iba-1, 1:500, 016-20001, Wako Chemicals, Richmond, VA, USA) was used for the detection of microglia cells. Retinas were incubated in the antibody pool for 48 hours at 48C. A secondary goat anti-rabbit IgG (HþL), Alexa Fluor 594 conjugate (1:1000, A27016, Thermo Fisher Scientific) and a preabsorbed goat polyclonal to chicken IgY H&L (FITCH; 1:1000, ab7114, Abcam) were used for the visualization of Iba-1 and gfp immunoreactive cells, respectively. Radial cuts were made on the retinas, and finally tissues were flat mounted on a slide with the ganglion cell layer facing up. Retinal flat mounts were cover-slipped with VECTASHIELD Antifade Mounting Medium (Vector Laboratories, Burlingame, CA, USA) and observed under the microscope.
To obtain retinal slices, eyes from euthanized mice were fixed in 4% PFA (pH 7.4) overnight and then processed for routine paraffin embedding. Slices of 5 lm containing the optic nerve head were cut with a microtome (Leica, Biosystems, Muttenz, Switzerland) and collected on glass slides (Menzel SuperFrost, Thermo Fisher Scientific). A rabbit polyclonal antibody against Iba-1 (1:5000, 016-20001, Wako Chemicals) and a chicken polyclonal antibody against gfp (1:100, ab13970, Abcam) were used for the staining of microglia/macrophages. The secondary antibodies goat anti-rabbit IgG (HþL), Alexa Fluor 594 conjugate (1:1000, A27016, Thermo Fisher Scientific) and chicken IgY H&L (FITCH; 1:1000, ab7114, Abcam) were used for the visualization of Iba-1 and gfp immunoreactivity, respectively. Slides were mounted in mounting medium with DAPI (Vector Laboratories), cover slipped, and observed in the microscope. 
Statistics
GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA, USA) was used for the statistical analysis. Before parametric statistics, D'Agostino-Pearson or Kolmogorov-Smirnov normality tests were performed. Statistically significant differences of gfp-positive cell numbers between different lenses were determined, and paired t-tests were used to compare different lenses or to compare AF data with flat mount data. Longitudinal data were analyzed using ordinary 1-way ANOVA followed by Tukey's post hoc analysis. P values < 0.05 were considered statistically significant. Pearson correlation was used to compare data between AF and flat mount histology in the bone marrow chimera mice. To test for reproducibility, intraclass correlation (ICC) type 2 was calculated for the data derived during the same imaging session (T1 and T2) with the same lens (558 or 1028). All gfppositive cell quantification results are presented as mean 6 SD on the graphs and throughout the article.
RESULTS
Quantification of Microglia Cells Using Widefield AF Imaging
Areas obtained with the 1028 lens corresponded to 51.8 6 5.8% (mean 6 SD) of the flat mounted retina (Fig. 1A , yellow circle on FL-M image). Quantification of gfp-expressing cells in 1028 images and corresponding areas of retinal flat mounts did not reveal any statistically significant difference in the number of these cells between the two modalities ( Fig. 1A , bar graph, P > 0.05). All gfp-positive cells were co-localized with the microglia marker Iba-1 and were found mainly in the inner and outer plexiform layers of the Balb/c-Cx3cr1 gfp/gfp mouse retina (Fig. 1B) .
Comparison of Two Different Widefield Lenses for the Quantification of Retinal Microglia Using AF
To test for reproducibility, AF images of the mouse fundus were obtained with a 558 and a 1028 lens at two different time points (T1 and T2 in Fig. 2A ). The 558 lens could cover 35.6 6 3.8% (mean 6 SD) of the fundus area imaged with the 1028 lens ( Fig.  2A, yellow circle on 1028 images) . The ICC was 0.65 for the 558 lens and 0.55 for the 1028 lens. No statistically significant difference in the number of gfp-positive cells was observed between different time points (Fig. 2B, top graph) or between the two lenses when comparing corresponding areas (Fig. 2B,  bottom left graph) . However, as expected, approximately 3.6 
Replenishment Dynamics of Retinal Microglia After Lethal Irradiation and Bone Marrow Reconstitution Imaged With Widefield AF and Correlation With Flat Mount Data
Bone marrow chimera mice were monitored with AF at 5, 8, and 10 weeks after bone marrow transplantation. Longitudinal imaging revealed gfp-positive cells around the optic nerve as early as 3 weeks posttransplantation (data not shown). The number of gfp-positive cells gradually increased (Figs. 3A, 3B , left graph, blue line) and reached approximately 37.2% of the number observed in the normal retina by week 10 (1515 6 49 cells in the normal retinas versus 564 6 73 cells in chimera retinas 10 weeks after bone marrow transplantation, P < 0.001). Likewise, there was a gradual replenishment of retinal microglia seen in flat mounts stained for gfp ( Fig. 3B, left graph, red line), with gfp-positive cell numbers at week 10 reaching approximately 36% of the levels found in untreated mice (1562 6 87 cells in the untreated retinas versus 556 6 80 cells in chimera retinas 10 weeks after bone marrow transplantation, P < 0.001). All gfp-positive cells were also Iba-1 positive (data not shown). The same profile of gfppositive cells infiltration was observed in retinal flat mounts and AF images (Fig. 3A) . There was a good correlation (r ¼ 0.92, P < 0.0001) when comparing replenishment dynamics observed in AF and data from retinal flat mounts stained for gfp ( Fig. 3B, right graph) .
Microglia Cells Are Equally Distributed Between the Central and the Peripheral Retina
Green fluorescent protein-positive cells were separately quantified in the central (Fig. 4 , left panel, center, area obtained with the 558 lens) and peripheral retina (Fig. 4 , left panel, periphery, area obtained with the 1028 lens minus area obtained with the 558 lens). No statistically significant differences were observed in gfp-positive cell density in the central and peripheral retina (Fig. 4 , right graph, P > 0.05, paired t-test).
DISCUSSION
Here, we confirm that widefield AF imaging of gfp-expressing microglia in the retina allows quantification of microglia density in vivo, and yields similar results to microglia nuclear counts on retinal flat mounts. In addition, we showed that widefield AF imaging in these mice is reproducible and can be used to detect longitudinal changes in microglia density.
Imaging with the 1028 widefield lens captured roughly three times the area covered with the 558 lens. In mouse models with retinal changes not only at the posterior pole, such as oxygen-induced retinopathy 17 or experimental retinal vein occlusion, 18 the peripheral microglia is of great interest, and widefield imaging seems particularly advantageous. We have previously reported on the dynamics of activated microglia and macrophages in transgenic mice in the latter model. 19 Significant changes were found in the peripheral retina, which would have escaped our attention using conventional optics. Hence, widefield imaging tools are crucial for the assessment of experimental outcomes in such models. However, despite using the 1028 widefield lens, approximately half of the retina is still not represented in a single field of view. However, by rotating the lens to different angles or by repositioning the mouse on the platform, much of the peripheral retina can also be imaged.
In the DBA/2J mouse model of chronic glaucoma, it has been shown that even morphologic changes accompanying activation of microglia can be quantified using the 558 lens in vivo. 20 Although we did not investigate morphologic change occurring with microglial activation in this study, we established that the resolution of individual cells with the 1028 widefield lens appeared to be comparable to the performance of the 558 optics, and that quantification of microglia density in vivo correlated equally well with data from retinal flat mounts for both lenses. In vivo imaging of microglia that substitutes flat mount preparations and confocal imaging results in important time savings, makes laboratory resources available for other tasks, and greatly reduces the usage of laboratory mice.
Finally, widefield imaging in combination with bone marrow grafting from Cx3cr1 gfp/gfp mice was used to monitor reconstitution of the microglia population in lethally irradiated wildtype Balb/c mice. The time course of reconstitution on flat mounts using confocal microscopy closely resembled that seen in AF imaging in vivo. Previous reports have shown that microglia replenishment occurs as early as 4 weeks after transplantation, 21 but complete replacement may take up to 6 months. 4 Anyway, recent investigations in the brain have shown that the microglia turnover seems faster than previously thought, 22 and regional differences exist. 23 Recent studies suggest that under normal conditions, the microglia population in the central nervous system is maintained by resident cells rather than invading bone-marrow-derived precursors. 24, 25 Widefield AF imaging using models with fluorescent labelled microglia precursors might be useful in investigating these processes in the retina, and could facilitate future studies about microglia homeostasis, but also investigations on pharmacologic microglia modulation and depletion.
In summary, in vivo imaging seems a useful tool to quantify microglia in the retina, and cell density measurements correlate well with ex vivo microglia counts on flat mounts. Widefield imaging considerably increases the captured area of the retina, is easily feasible without hardware modifications, and results in significant savings of laboratory resources.
